A small and high performance heat exchanger for small size energy equipments such as fuel cells and CO 2 heat pumps is required in these days. In author's previous studies, the heat exchanger consisted of microchannels stacked in layers has been developed. It has resistance to pressure of larger than 15 MPa since it is manufactured by diffusion bond technique. Thus this device can be applied for high flow rate and pressure fluctuation conditions as boiling and condensation. The objectives of the present study are to clarify the heat transfer performance of the prototype heat exchanger and to investigate the thermal hydraulic behavior in the microchannel for design optimization of the device. As the results, it is clarified that the present device attained high heat transfer as 7 kW at the steam condensation, despite its weight of only 230 g. Furthermore, steam condensation behavior in a glass capillary tube, as a simulated microchannel, in a cooling water pool was observed with various inlet pressure and temperature of surrounding water. Relation between steam-water two-phase flow structure and the overall heat transfer coefficient is discussed.
Introduction
It is expected to develop a small and high performance heat exchanger for small size energy equipments, such as fuel cells and supercritical carbon dioxide refrigerant heat pumps. Because existing heat exchanger is large, contraction of energy equipment has lower limit. For example, large space is necessary to install a heat pump-type heat storage system for supercritical carbon dioxide refrigerant of domestic-size in a Japanese small isolated house (1) . Many microchannel heat exchangers manufactured by MEMS have been developed to achieve contraction and high heat transfer performance (2) . However, they can not be used at high pressure and flow rate conditions because of the leaked fluid from the channel. Thus it is required to develop a small size heat exchanger with high performance of heat transfer under high pressure and flow rate condition. In author's previous studies (3) (4) , the heat exchanger with high pressure resistance of 10 MPa was succeeded in manufacturing by diffusion bond technique. It can be used under large fluctuating pressure condition such as boiling and condensation. This heat exchanger is expected to achieve contraction of system perpetuating almost same performance as existing heat exchanger.
The objectives of the present study are to estimate the heat transfer performance of the present microchannel heat exchanger, that the efficiency of its channel size, pitch and material were empirically corroborated in the previous study (5) , and to investigate the thermal hydraulic behavior in the microchannel. For a start, heat transfer rate and pressure drop is measured under single-phase air and single-phase water system. The heat transfer performance of steam system is also investigated. Additionally, the detailed knowledge of the thermal hydraulic behavior such as flow pattern change, heat transfer rate corresponding to the flow pattern, and the effect of geometry such as the size and length in the microchannel is necessary for the design optimization of the microchannel heat exchanger. Many studies on the thermal hydraulic behavior in a microchannel in single-phase flow have been investigated (6) . However, the number of knowledge of the boiling in the microchannel is small (7) . And also studies on condensation in microchannel are quite limited as observation of flow pattern (8)(9)(10) (11) . Wu and Cheng (2007) conducted visualization study on the condensation flow patterns of steam flowing through an array of trapezoidal silicon microchannels with hydraulic diameter of 82.8 µm. And in a transition of annular to slug flow, the characteristics flow pattern consisting of a series of bubble growth and detachment activities named "injection flow" was identified (9) . Quan et al. (2008) investigated the effect of mass flux and cooling rate of steam on the location at which injection flow occurred and its frequency in a microchannel (12) . However, the correlation between the flow pattern and the value of heat exchange was not mentioned. The detailed knowledge of the thermal hydraulic behavior of condensation in the microchannel is not clear yet. As preliminary step toward practical application, the detailed observation of condensation flow patterns in a capillary tube of Pyrex glass with hydraulic equivalent diameter of 240 µm, as a simulated microchannel, is conducted in the present study. The overall heat transfer coefficient corresponding to flow conditions is also estimated. 
Nomenclature

Microchannel Heat Exchanger
In the present study, the high pressure resistant heat exchanger is manufactured by stacked microchannel layers with diffusion bond technique (3) (4) . The diffusion bond technique is the method to molecularly bond materials by pressurizing and heating composition face as shown in Fig. 1 . Therefore, the heat exchanger obtains high pressure resistant. It can also be used under large fluctuating pressure condition such as boiling and condensation since the strength of the composition interface is almost as same as it of the base material.
Heat and pressurize
Heating fluid layer
Cooling fluid layer It is confirmed that the heat exchanger can be pressurized up to 15 MPa, without any leakage and deformations. One of the targeted application of the present device is the supercritical carbon dioxide refrigerant heat pumps under high pressure condition as larger than 10 MPa. Thus the present device equips the sufficient pressure resistance for the targeted application. 
Experimental apparatus and experimental conditions
At first, measurement of heat transfer rate of the microchannel heat exchanger is conducted with air as working fluid. Figure 3 (a) shows the schematic of experimental apparatus. It is consisted of the heat exchanger, a compressor, a heater and measurement hard wares such as flow meters, pressure gauges and thermocouples. In the experiment, pressure and temperature at the inlet and outlet of the device is measured. T Hin and T Hout are the inlet and outlet temperature of high-temperature fluid, and T Lin and T Lout are the inlet and outlet temperature of low-temperature fluid. The experiment with water as working fluid is conducted as well as that with air. Experimental apparatus is shown in Fig. 3 (b) . It is looped and consisted of the heat exchanger, a tank and a pump. Both pressure and temperature at the inlet and outlet are also measured. Experimental conditions are shown in Table 1 . The temperature of high-and low-temperature air is 150 ± 10 and 20 ± 8 °C, respectively. The flow rate of air is changed from 0.4 x 10 -3 to 8.1 x 10 -3 kg/s. Heat transfer rate Q is estimated from measured temperature and the flow rate. Q is defined as Eq. (1) ( )
where, V is the volumetric flow rate, ρ is the density, and C p is the specific heat. Reynolds number of the channel is defined as , ν uD Re = (2) where, u is the velocity in the channel defined as , nS
ν is the kinematic viscosity, D is the hydraulic equivalent diameter, n is the number of channels and S is the cross section area of unit channel.
where, L is the circuit length of cross section of unit channel. Under water-water condition, the temperature of high-and low-temperature water is 50 ~ 90 °C and almost 12 °C, respectively. The flow rate of water is varied from 0.3 to 3.0 L/min.
Under steam-water condition, the pressure of steam inlet is 110 ~ 115 kPa, and the temperature is 100 °C. The steam is wet steam. The inlet steam pressure involves partial pressure of non-condensable air and steam itself as the total pressure. In the present experiment, the water containing non-condensable air of about 28 mg/L estimated from dissolved oxygen level was boiled as steam. Because of the pressure fluctuation, the uncertainty of the inlet pressure of the steam is about 20 %. It is regarded that the steam is completely condensed when the outlet temperature of steam side is less than 100 °C which is the saturated temperature of the atmospheric pressure. Steam and condensed water is discharged as two-phase flow when the outlet temperature is 100 °C. The heat transfer rate was estimated from temperature difference between inlet and outlet of the cooling water under non-boiling condition. Figure 4 shows the heat transfer rate to the cooling air Q a . Horizontal axis is Reynolds number of low-temperature air Re aL . Re aH has range of about 50 to 200 in Fig.4 since the kinetic viscosity is changed between the inlet and outlet of the device due to the cooling. In each Reynolds number of high-temperature air Re aH , heat transfer rate increased as increasing of Re aL , and it reached constant value corresponding to Re aH . Q a also increased as increasing of Reynolds number of Re aH . The overall heat transfer coefficient U defined as (4) where, A is the heat transfer area of cooling side of the devise as (the circuit length of a channel) x (the channel length) x (the number of the cooling channel), was estimated. That is defined 16.7 x 10 -3 m 2 in the present study. The overall heat transfer coefficient U became about 50 to 200 W/m 2 ･K in the present experimental condition which has limitation of air flow rate in the system. It is almost as same order as that of existing heat exchanger. Figure 5 shows the heat transfer rate of the cooling water Q w . Horizontal axis is Reynolds number of low-temperature water Re wL , and vertical axis is heat transfer rate of water Q w . The water temperature of high-and low-temperature channel is 80 and 13 °C, respectively. Q w increased as increasing of Re wL . Heat transfer rate was 1500 to 3500 W at the present experimental condition. The overall heat transfer coefficient was also estimated. It was about 2750 ~ 4250 W/m 2 ·K in the present experimental condition. The overall heat transfer coefficient is confirmed almost as same order as that of existing heat exchanger. The present result indicates that the present heat exchanger can be applicable as a small and high performance heat exchanger for small size energy systems. Figure 7 shows the relation of the condensation mass flow rate m c and pressure drop dp. The steam pressure and temperature at channel inlet are 110 kPa and 100 °C, respectively. Horizontal axis is Reynolds number of low-temperature water Re wL , and vertical axis shows condensation mass flow rate and pressure drop. Two-phase flow consisted of steam and condensed water was discharged from the outlet of the channel when the Reynolds number Re wL of less than 150 since the condensed water temperature is 100 °C as same as the saturated temperature for atmospheric pressure. Steam was all condensed when the Reynolds number Re wL was higher than 150 since the condensed water temperature is below 100 °C. The outlet condensed water flow rate was measured as 2.7 x 10 -3 to 2.9 x 10 -3 kg/s.
Quantity of heat exchange of air, water and steam
Under the present experimental condition, the pressure drop dp of steam became lower than 20 kPa. That is, the condensed water is constantly discharged with comparatively small pressure drop. It is indicated that the present heat exchanger can be used as condenser with low pressure drop despite small cross-sectional area of channels.
3.5x10 Pressure drop dp [kPa] m c dp Fig. 7 Relation between condensation mass flow rate and pressure drop Figure 8 shows the heat transfer rate of vapor system Q v when inlet pressure was 110 and 115 kPa, respectively. In the case of inlet pressure of 110 kPa, Q v increased as increasing of the Reynolds number of low-temperature water Re wL up to about 150. When Re wL was smaller than 150, the steam and condensed water two-phase flow was discharged because of the condensed water temperature of 100 °C. Under the condition of complete condensation (Re wL > 150), the heat transfer rate Q v became nearly flat with small variation. It is suggested that the sufficient amount of cooling water to condense the steam was supplied under these conditions. In the case of inlet pressure of 115 kPa, the steam and condensed water two-phase flow was discharged when Re wL was less than 310 since the temperature of condensed water was 100 °C at the outlet. All steam was condensed at Re wL of larger than 310 since temperature of condensed water was below 100 °C. The condensation mass flow rate m c was measured as about 3.6 x 10 -3 kg/s in the inlet pressure of 115 kPa. The heat transfer rate increased as increasing of Re wL , and it reached to 7000 W. It is shown that all steam is condensed in the present experimental condition despite the channel length of 22 mm. Even the steam flow rate increases, all steam can be condensed by increasing of water flow rate in the present device.
In the present study, quite large heat transfer rate as 7000 W was achieved, although, the weight and the volume of the present heat exchanger are very light as 230 g and small as 0.05 L. Quantity of heat exchange per unit volume of device is important parameter for design. And it is estimated as 10 7 ~ 10 8 W/m 3 in the present device. Compared to the existing heat exchanger used for the supercritical CO 2 refrigerant heat pump (13) , it is two orders larger than that of the existing heat exchanger. On the other hand, the detailed knowledge of the thermal hydraulic behavior in the microchannel is still poor. In order to optimize the design of the microchannel heat exchanger, it is required to clarify the mechanism of increasing of heat transfer rate with the small inlet pressure. To success the request above, the observation of condensation behavior in a capillary tube of Pyrex glass as simulated microchannel was conducted.
Observation of condensation behavior
Experimental apparatus and experimental conditions
The condensation behavior in a capillary tube as simulated microchannel is observed by using the high speed video camera with microscopic lens. Figure 9 shows the schematic diagram of experimental apparatus. It is mainly consisted of a boiler, a test section with capillary tube of Pyrex glass as simulated unit microchannel and a cooling water pool. A capillary tube of Pyrex glass in a cooling water pool is observed by back light source. The cooling water pool is manufactured by acrylic cube of 40 x 40 x 40 mm 3 on both two sides to observe condensation behavior in a capillary glass tube. Steam flows into the glass tube from the boiler through pressure control valves. Pressure and temperature is measured at each point. Inside and outside diameter of the tube is 240 and 400 µm, respectively. Inside diameter of tube is as same as the hydraulic equivalent diameter of the present microchannel device. The length of it is 100 mm. The connection of the tube is insulated to prevent decreasing of temperature. The outlet of the tube is atmospheric pressure, and the differential pressure between inlet and outlet is measured under each condition. In the present experiment, flow structure and condensation behavior of steam including non-condensable air of about 28 mg/L at atmospheric pressure is observed. Here, the concentration of non-condensable air is estimated from the dissolved oxygen level of about 10 mg/L. Non-condensable air was appeared as microbubbles at this point. In this part, most of bubble volume didn't change anymore. Figure 11 shows the estimated length of annular flow l with variation of temperature of the cooling water pool. Here, l is measured by image processing technique of the observed images. Horizontal axis is inlet pressure of glass tube, and vertical axis is the length of annular flow. l increased almost linearly as increasing of inlet pressure p in . And the gradient of this linear correlation increased as increasing of surrounding water temperature T sub . Under the present experimental condition, when condensation is extrapolate to be finished before the injection flow, it is expected that steam condensation is finished in short length of about 10 mm. According to these results, it is suggested that steam condenses with large heat transfer rate in the present microchannel heat exchanger with channel length of 22 mm. Additionally, because of enough performance of heat exchange as increasing of inlet steam pressure, large heat transfer rate was supposed to be obtained in the present device as shown in Figure 8 .
Overall heat transfer coefficient of the capillary glass tube
Because condensation behavior was regarded as being almost finished before the injection flow region B, the overall heat transfer coefficient U was estimated as ( )
where, Q is the heat transfer rate in capillary tube, A is the heat transfer area, T sat is the saturated vapor temperature and T w is the temperature of cooling water. Q is defined as Q = ∆h·m c where, ∆h is the latent heat of steam condensation and m c is the condensation mass flow rate. The heat transfer area is defined as
where, D is the diameter of the capillary tube, and l is the length of annular flow. Note that the thickness of the liquid film of the annular flow is regarded as being negligibly thin. Figure 12 shows the effect of inlet steam pressure p in on the overall heat transfer coefficient U of a capillary tube. U was variable when condensation mass flow rate m c was low, although, it was almost 1.0 x 10 4 W/m 2 ·K even under the different p in conditions. It is because the condensation mass flow rate m c increased as increasing of inlet pressure p in . And as shown in Fig. 11 , the length of annular flow l also increased with p in . In other words, it is suggested that the condensation mass flow rate m c as the heat transfer rate Q correlated the length of annular flow l. And l might be one of the dominant factors of the condensation heat transfer in a microchannel. However the value of U is smaller than that of ideal condensation heat transfer coefficient of 10 7 W/m 2 ·K, it is indicated that the effective higher value of U than that in a usual-scale pipe was obtained in the capillary tube. By using the heat transfer rate of unit capillary tube, the total heat transfer rate of whole of the microchannel heat exchanger as shown in Fig. 13 was estimated. Heat transfer rate of whole of the microchannel Q all is estimated by Q all = nQ where, Q is the heat transfer rate of unit capillary tube and n is the umber of channels. Capillary pipe experiment Microchannel heat exchanger Fig. 13 Comparison of heat transfer rate between the capillary tube and the microchannel heat exchanger Figure 13 shows the comparison of estimated heat transfer rate of the heat exchanger Q all and measured heat transfer rate of the present device. Each plot increased linearly as increasing of the condensation mass flow rate m c . The value of Q all estimated by the capillary tube experiment was indicated as almost same order and similar dependency of Q all on condensation mass flow rate m c as it of the present device. In this comparison, there are many difference conditions between the capillary tube estimation and the present device, such as, surrounding water condition; cooling water pool or orthogonal low temperature channels array, the channel materials; a Pyrex glass or stainless steel, and the shape of cross section; circle (tube) or rectangle (channel). Although, it is suggested that the experimental results with the capillary tube help us to understand the flow and heat transfer characteristics in the microchannel heat exchanger. And the length of annular flow provides important information about the size of the devise for the design optimization.
Conclusion
The heat transfer performance of high pressure resistant microchannel heat exchanger manufactured by diffusion bond technique with air, water, and steam flow was measured. And the thermal hydraulic behavior in the microchannel was discussed by observation of condensation behavior in a glass capillary tube.
(1) It is ascertained that the heat exchanger doesn't leak below 15 MPa. (2) Heat transfer rate is 50 to 250 W by using single-phase air, and it is 1500 to 3500 W by using single-phase water. The estimated heat transfer rate of whole of the present heat exchanger by the capillary tube experiment had as same order value and similar dependency as the present microchannel heat exchanger. It is suggested that the flow structure in the microchannel heat exchanger is almost same as that in the glass capillary tube.
